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Il. INTRODUCTION 


1. Purpose of Investigation 

The electrical characteristics of glasses have become an increasingly 
important subject during the past few years for both practical and theo- 
retical reasons. Several recent research investigations have yielded much 
empirical information about the relationship between glass compositions 
and electrical properties. It has been possible to correlate some of these 
results with the generally accepted theories of the constitution of glass. 
More frequently, however, the glasses used in these studies have been 
of such a complex nature that theoretical interpretations of results are 
impossible and data have to be accepted solely for their empirical value. 

The present investigation was undertaken as a fundamental study 
to determine the basic relationships between dielectric constant, dissipa- 
tion factor, and composition of the two- and three-component soda- 
potassia-silica glasses. Although such simple glasses have been generally 
overlooked by previous investigators, studies of their dielectric proper- 
ties should greatly facilitate the interpretation of results in more complex 
systems. The report of this work is the first of a series to be presented 
describing the electrical behavior of simple glasses. 


2. Previous Investigations of Glasses Containing Soda and Potassia 

Several previous research investigations have shown that the electri- 
cal properties of glasses do not vary linearly as soda is replaced by 
potassia. In one of the earliest studies, Gehlhoff and Thomast measured 
the a-c conductivity of several groups of glasses and determined the 
temperature at which each composition had a conductivity of 100 x 10° 
Mhos per cm cube (ohms*—cm). For two series— one containing 
85 percent SiO, and 15 percent alkali (Na,O + K,O), the other contain- 
ing 75 percent SiO, and 25 percent alkali — the mixed alkali glasses had 
to be heated to higher temperatures to reach this conductivity value than 
did the glasses containing either alkali constituent alone. Maximum 
temperatures were required for the 85 percent SiO. glass containing 3.5 
percent Na,O and for the 75 percent SiO, glass with 7 percent Na,O. 
On the basis of these limited results it was concluded that the conduc- 
tivity minimum is related to a fixed soda-potassia ratio and that this 
ratio is independent of the total alkali content of the glass. 


1G. Gehlhoff and M. Thomas, “Die physikalischen Eigenschaften der Glaser in Abhingigkeit 
yon der Zusammensetzung.”’ Zeitschrift fiir technische Physik 6 (1925), 544-554. 
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Stevels? presented results on four series of glasses which substantiate 
the presence of this minimum value. In each of these glasses, three 
of which contained 18 percent (Na,O + K,O) and the fourth 11.7 percent 
(Na,O + K.0), dielectric loss minima were found at approximately 
4 percent Na,O content. 

Moore and DeSilva’ found a similar minimum value for power factor 
at 4 percent Na,O in a series of glasses containing 74 percent SiOz, 10 
percent CaO, and 16 percent (Na2O + K.O). 

Stevelst has further pointed out that the position of these minimum 
values probably depends on the other constituents in the glass and it 
may be fortuitous that, in most investigations thus far, the minima have 
occurred at 4 percent soda content. 

In a recent investigation, for a series of glasses containing 53.3 mol 
percent SiO., 10.2 mol percent PbO, 4.5 mol percent CaF, and 32 mol 
percent (Na,O + K.O), Stevels found a minimum value for power factor 
at 14.2 mol percent Na,O, 17.8 mol percent K,O. 

These varying results prompted the present investigation. It was 
anticipated that the study of simple soda-potassia-silica glasses would 
furnish results clarifying the relationship between the extreme values of 
the dielectric properties and the Na,O/K,0O ratio in glasses. 
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1]. SAMPLE PREPARATION TECHNIQUES 
4. Glass Melting 

A total of 35 glass compositions varying by 5 percent intervals from 
60 to 80 percent SiO., 0 to 40 percent Na,O, and 0 to 40 percent K.O, 
were melted for this investigation. All batches were calculated on a 
weight percent basis to yield 400 grams of glass. The raw materials used 
were Reagent Grade sodium and potassium carbonate and Ottawa Silica 
which analysed 99.82 percent SiO., 0.019 percent Fe.O;, 0.049 percent 
Al,O;, 0.012 percent TiO., 0.006 percent CaO, 0.031 percent MgO, and 
0.070 percent loss on ignition. These minor impurities were ignored in 
making the batch calculations. The batch ingredients were weighed to 
0.02 grams and thoroughly mixed in a quart jar by rotating for 1 hr 
on a jar tumbler operating at 15 rpm. All the glasses were melted in 
covered platinum-10 percent rhodium crucibles in a Globar electric 
furnace. The melting times and temperatures were adjusted to suit the 
refractoriness of the glass. 

The tilted electric furnace used was designed expressly for making 
these melts. The sectional view, Fig. 1, shows the constructional details 
and the manner in which the crucible is tilted and rotated. Potts, Brook- 
over and Burch® and Tiede and Tooley’ have shown that rotating a tilted 
crucible stirs the batch and improves the homogeneity of the glass. Each 
melt not only was given continuous mixing but was vigorously stirred 
several times during the melting operation. 


5. Forming the Specimens and Attaching the Electrodes 

In making the dielectric specimens the melted glasses were poured 
into heated carbon molds to form discs 3% in. in diameter and about 
84 in. thick. Two discs and two annealing test slugs were cast from each 
400-gram melt. To flatten the rough cast discs and to attach electrodes, 
two procedures were used, the choice depending on the refractoriness of 
the glass. The softer glasses were heated and pressed flat, and thin 
(0.0005 in.) aluminum foil electrodes were fused into the glass surface in 
one operation, using the hot-pressing furnace shown in Fig. 2. The harder 
glasses required an intermediate step because the electrodes tended to 

6 J. C. Potts, G. Brookover, and O. G. Burch, “Melting Rate of Soda-Lime Glasses as Influ- 


enced by Grain Sizes of Raw Materials and Additions of Cullet.”” Jour. Am. Cer. Soc. 27 (1944), 


225-231. 3 Lx, _ 
TR. L. Tiede and F. V. Tooley, ‘Effect of Temperature on Homogenizing Rate of Soda-Lime- 


Silica Glass.’”’ Jour. Am. Cer. Soc. 28 (1945), 42-47. 


7 


8 ILLINOIS ENGINEERING EXPERIMENT STATION 


Silicon Carbide Muffle F 
E33 Insulating Refractory 
Castable Refractory 

Asbestos Board 
Transite Board 
Wl Globars 


Fig. 1. Tilted Globar Glass Melting Furnace 


tear if they were attached while the discs were being flattened. These 
glasses were first flattened by hot pressing against stainless steel plates 
coated with a thin layer of mica powder to prevent sticking. The mica 
was removed from the cooled discs by dry grinding with a fine silicon 
carbide abrasive. Electrodes were then fused into the flattened glass 
surface by a second hot-pressing operation. For the hardest glasses, 
platinum foil electrodes were substituted for aluminum because the press- 
ing temperatures were above the aluminum melting point. Test measure- 
ments showed no significant differences between similar samples made by 
the two pressing techniques or with the two electrode materials. 
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Fusing the electrodes to the glass in this manner seems advantageous 
because the electrode configuration cannot change during subsequent 
handling or reheating. Furthermore, a very intimate contact between 

‘the electrode and the dielectric is achieved without using paints con- 
taining fluxes which might contaminate the glass sample. 

After the electrodes had been attached, they were trimmed by mount- 
ing the discs between centers in a lathe and dry-grinding the foil edge 
just enough to give concentric circular electrodes. No attempt was made 
to true up the exposed edge of the glass, because it was thought that this 
surface should not be contaminated by grinding. Since the glasses studied 
in this investigation were readily attacked by moisture, all the operations 
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Fig. 2. Hot-Pressing Apparatus for Flattening Glass Dises 
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in which the specimens were exposed to room atmospheric conditions were 
carried out rapidly. For storage, the samples were kept in desiccators 
using CaCl, as the drying agent. When the specimens had to be handled, 
rubber gloves were used to prevent contamination of the surfaces. 


6. Annealing 

Each finished specimen was annealed by heating it in an electric 
furnace to a temperature at which all strain was relieved and then cool- 
ing it overnight at the constant rate of 0.4 deg C per min. The furnace 
cooling rate was controlled by progressively decreasing the furnace volt- 
age. The maximum annealing temperature for each glass was determined 
by heating one of the annealing slugs in an open tube furnace and meas- 
uring the temperature at which all evidence of strain was removed when 
the sample was observed in polarized light with a Babinet Compensator. 
This temperature also proved to be the lowest temperature at which 
pressure could be applied to the dises during the flattening operation. 


Hil. MEASUREMENTS 


7. Definition of Terms 

“Dielectric constant” as used in this study is defined as the ratio of 
the capacitance of a capacitor having the test material as a dielectric to 
the capacitance of another capacitor with identical electrode configura- 
tion but with air as the dielectric. The edge corrections for a two-elec- 
trode capacitor with equal circular electrodes reported by Scott and 
Curtis* were applied to the measured capacitance of the samples before 
calculating the dielectric constants. The equivalent air capacitance was 
calculated from the electrode diameter and the average sample thickness, 
assuming the dielectric constant of air as unity. 
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Storage Factor, Q 


Fig. 3. Relationship Between Dissipation Factor, Power Factor and Storage Factor 


The dissipation factor® is the ratio of resistance to reactance of a 
capacitor. It is the reciprocal of Q, the storage factor. For values less than 
0.15 it differs from the power factor by less than 1 percent. Figure 3 
defines these terms with respect to the phase angle @ and the loss angle 8. 


8. Measuring Equipment 

Measurements were made with a General Radio Type 716—C Capaci- 
tance Bridge. This is a modified Schering-type circuit suitable for use 
up to 300 ke. The oscillator was a Hewlett-Packard Type 650-A. The 


8A. H. Scott and H. L. Curtis, “Edge Correction in the Determination of the Dielectric Con- 
stant.”’ Jour. of Res. Nat. Bur. of Stand. 22 (1939), 747-775. 
9 Catalog M (The General Radio Co.), Cambridge, Mass., p. 61. 
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bridge detector was a Simpson Model 476 Mirroscope (Cathode Ray 
Oscilloscope) using a Hewlett-Packard Type 450-A preamplifier. A block 
diagram of the measuring circuit is given in Fig. 4. 

To protect the glasses from moisture absorption, all measurements 
were made with the specimens enclosed in the copper box shown in 
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Fig. 4. Measuring Circuit Diagram 


Fig. 5. The atmosphere in this box was kept dry by using CaCl, as a 
desiccant. A rubber glove was sealed into the side of this chamber to 
allow the operator to place the specimens on the measuring table. The 
bottom electrode of the specimen was grounded to the box by contact 
made through the three brass support pins. The lead from the upper 
electrode was connected to the bridge through rigid shielding. Contact 
to the sample was made by adjusting the micrometer screw. 


9. Measurement Procedure 

Preparation of all specimens had been completed before the measure- 
ments presented herein were made. To give the results the greatest com- 
parative value, the No. 1 samples of each glass composition were meas- 
ured successively at one time. Several days later the No. 2 samples were 
tested. The data presented are the average of the two values thus ob- 
tained. The temperature during measurements ranged between 26 and 27 
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deg C. Each group of samples was held in the measuring box for 24 hr 
before measurements were begun. To minimize the errors in measurement, 
the “substitution” measuring technique was employed. A more detailed 
account of the measurement procedure and the calculation of the data i is 
presented in the Appendix for the benefit of those who are not familiar 
with the specific equipment used. 
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Fig. 5. Measurements Chamber 


IV. RESULTS 


10. Experimental Values for Dielectric Constant and Dissipation Factor 

The dielectric constant and dissipation factor values at frequencies of 
1, 3, 5, 10, 30, 50, 100 and 300 ke for the thirty-five glass compositions 
of this investigation are recorded on the triaxial diagrams of Figs. 6-9. No 
dielectric constant or dissipation factor data are given for the 60 percent 
Si0,-40 percent Na,O glass at 1, 3 and 5 ke because the bridge could not 
be balanced at these frequencies with the samples of this glass. 

As mentioned previously, the experimental results presented represent 
an average of two measurements. Space does not permit the inclusion of 
a complete tabulation of all the individual results, but this data is avail- 
able for inspection by anyone interested in the actual deviation of any 
set of values. Table 1 is included to give some indication of the average 
percent mean deviations of the results. 


Table 1 
Percent Mean Deviations of Data Presented in Figs. 6-9 
Frequency in Ke 1 3 5 10 30 50 100 300 
Average Percent Diel. Const. Libs deal 338: 1.44 1.31 1.29 1.28 1.29 
Mean Deviation Diss. Factor 1492 2.35 3.04 2.48 2.13 2.34 5.90 10.74 
Median Percent K 1.07 1.22 pe 1.26 Li2i 1 ALL 4.10 0.90 
Mean Deviation D 2.04 2.30 2.94 2.38 1.88 2.14 5.56 8.35 
Minimum Percent K 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.12 
Mean Deviation D 0.00 0.00 0.00 0.00 0.00 0.00 0.97 0.00 
Maximum Percent K 9.89 4.30 3.96 4.08 3.97 3.98 4.10 4.16 
Mean Deviation D 3.88 5.66 7.65 5.50 5.68 6.59 18.35 50.00 


In considering the results of these tests, it should be reemphasized that 
the compositions indicated in Figs. 6-11 are theoretical batch composi- 
tions calculated on a weight percent basis. 

Several conclusions become evident upon visual inspection of these 
diagrams: 

1. In the bmary soda-silica and potassia-silica glasses, the dielectric 
constant and the dissipation factor decrease rapidly with decreasing alkali 
content. 

2. On a weight percent basis, the potassia-silica glasses show lower 
values for both properties than the equivalent soda-silica glasses. 

3. In all the glasses studied, the dielectric constant and dissipation 
factor decrease with increasing frequency in the range from 1 to 300 ke. 
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These three conclusions merely corroborate the work of other investi- 
gators and warrant no additional discussion. 

Further inspection of the diagrams shows that minimum values for 
both dielectric constant and dissipation factor are present in each series 
of glasses which have constant silica content. In order to locate the posi- 
tion of these minimum values more precisely, the dissipation factors at 
1, 10, and 100 ke are plotted in Fig. 10 against the soda-potassia content 
for each constant silica series. By interpolation (the dotted lines), glass 
compositions and dissipation factors for the minimum points on these 
curves can be estimated; they are listed in Table 2. It appears from the 


Table 2 
Glass Compositions and Dissipation Factors Indicated 
for Minimum Points on Dissipation Factor Curves 


; Weight Molar 
Weight Percent Percent Ratio Ratio Dissipation Factors 
SiO2 Na2O K20 Na2O /K20 Na2O /K20 1 ke 10 ke 100 ke 
60 13.3 26.7 0.498 0.757 0.0043 0.0029 0.0025 
65 ae 7. 23.3 0.502 0.761 0.0042 0.0028 0.0023 
70 10.5 1955. 0.538 0.821 0.0044 0.0030 0.0026 
75 8.0 17.0 0.471 0.716 0.0042 0.0030 0.0027 
80 6.7 13.3 0.504 0.764 0.0042 0.0033 0.0028 


Na.O/K,O values in the table that this ratio is a constant, and numeri- 
cally equal to 0.5. To check the validity of this value, the compositions of 
Table 2 are plotted on the soda-potassia-silica diagram in Fig. 11. Since 
these points fall very close to a straight line passing through the silica 
apex and cutting the soda-potassia base line at a ratio of 1:2, it can be 
concluded that minimum values of dissipation factor will be found in 
soda-potassia-silica glasses when the weight percent ratio, Na,O/K.0O, is 
0.5. This conclusion agrees with the assumption of Gehlhoff and Thomas"® 
that the conductivity minima in soda-potassia-silica glasses are related 
to a well-defined ratio of soda to potassia, which is independent of the 
total alkali content of the glass. 

Because the curves plotting dielectric constant against alkali content 
are very flat at the lower values, the position of the dielectric constant 
minima cannot be definitely indicated. However, the values given in 
Figs. 6-9 show that the glasses with the lowest dissipation factors also 
have the lowest dielectric constants. It is, therefore, reasonable to assume 
that the dielectric constant minima correspond very closely to the dissi- 
pation factor minima. 

One additional result of this study is noteworthy. In Table 2 the 
dissipation factor values estimated for the minimum points are nearly 
constant at each frequency and show no tendency to decrease with 
decreasing alkali content. In other words, when the alkali ratio is at 


10 See footnote 1, p. 5. 
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Fig. 11. Minimum Dissipation Factor Values Plotted on a Weight Percent Basis 


the optimum value, the dissipation factor appears to be independent of 
the total alkali content of the glass. If a three-dimensional model were 
constructed plotting dissipation factor on the vertical axis and the soda- 
potassia-silica system as the base, it would have a level valley along the 
line at which the Na,O/K;0 ratio is 0.5. The following section points out ~ 
that this result is very important for interpreting the role of soda and 
potassia in these glasses. The dielectric constant values, however, are not 
independent of alkali content but decrease as the alkali content decreases. 


11. Interpretation of Results 

The following discussion is presented as one possible explanation of 
the experimental results of this investigation. It is a very simple inter- 
pretation and is not intended to be rigorous, nor is it, probably, the only 
satisfactory one. Additional experimental work in simple glass systems 
must be completed before a more rigorous interpretation is justified. 
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According to the generally accepted theories of the constitution of 
glass, the basic structural elements of silica glasses are SiO, tetrahedra, 
which are randomly oriented and do not possess symmetry. In binary 
soda-silica and potassia-silica glasses the alkali ions are assumed to be 
located at interstices between these tetrahedra. Since the bonding forces 
holding these ions in place are relatively weak, they have a high degree 
of mobility, which results in high conductivities and dissipation factors 
in the glasses. 

The experimental results presented here can be explained by the 
assumption recently advanced by Stevels™ that a packing effect occurs 
when both sodium and potassium ions are present in a glass. It is gen- 
erally accepted that the addition of alkali to a pure silica glass causes 
some of the oxygen bridges between Si** ions to be broken. As more alkali 
is added, more bridges are broken and the glass structure is weakened. 
It seems reasonable to assume that, as these silica bonds are ruptured, the 
average size of the interstices in the silica structure is increased. In a 
glass containing a substantial amount of alkali, it is possible that several 
ions are located in each large, irregularly shaped interstice. If only one 
size of ion is present, the packing within each interstice is rather loose 
and the ions are able to move about with relative ease. As a result of this 
high degree of mobility, the conductivities and dissipation factors of 
such glasses are high. This condition applies to binary soda-silica and 
potassia-silica glasses. 

When the alkali content of a glass consists of ions of two sizes, the 
packing within each interstice is improved in a manner similar to the 
better particle packing which occurs when particles of two different sizes 
are available. This tighter packing reduces the lonic mobilities and de- 
creases the ability of the ions to migrate throughout the structure. Such 
decreased mobility reduces the conductivity and dissipation factor of the 
_ glass. When the soda and potassia contents are in the ratio of 0.5, it 
seems reasonable to assume that the ionic sizes are such that the pack- 

ing is the most efficient and the ions have the lowest average mobilities. 

The efficiency of this packing effect in glasses containing the optimum 
ratio of soda and potassia is essentially independent of the alkali-silica 
ratio in the glass, because most of the alkali ions are assumed to be 
grouped together in relatively large interstices. Increasing the alkali- 
silica ratio simply increases the average size of the interstices and causes 
more ions to be packed in each one. As long as a substantial amount of 
alkali is present and the interstices are quite large, the tightness of pack- 
ing in each interstice is not appreciably affected. This interpretation is 


1 J, M. Stevels, “Dielectric Losses in Glass.’’ Philips Tech. Rev., 13 (1952), 360-370. 
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one possible explanation of why the minimum dissipation factor values in 
the soda-potassia-silica glass system appear to be independent of the 
alkali-silica ratios. 

There is substantial evidence to indicate that conductivity and dis- 
sipation factor minima occur in the lithia-soda-silica and lithia-potassia- 
silica glass systems. The presence of these minimum values can be 
explained in the same way. Because of the smaller size of the lithium 
ion, the alkali ratios for optimum packing will naturally be different. 
When comprehensive information is available about these other glass 
fields, it should eventually be possible to develop a correlation between 
the ionic sizes and the packing effect at the optimum ratios. 

According to this theory, a more efficient packing should occur when 
ions of three different sizes are present in a glass. If the theory is correct, 
the lowest possible dissipation factors for alkali glasses should be found 
in lithia-soda-potassia-silica glasses in which the ideal proportions are 
maintained between alkali constituents. Experimental proof of such min- 
imum values would lend additional support to the packing hypothesis. 


12. Significance of the Soda-Potassia Ratio in Multicomponent Glasses 

For the practical purpose of developing better glass dielectrics, it is 
worthwhile to consider briefly the importance of the soda-potassia ratio 
with respect to the electrical characteristics of multicomponent glasses. 
It would seem logical, according to the packing hypothesis, that the 
presence of other constituents in a silica glass would modify the size and 
shape of the interstices in the silica structure and thereby cause the 
optimum packing to occur at slightly different Na,O/K.O ratios. In 
most of the work done by other investigators on multicomponent glasses 
containing both soda and potassia, the minimum values have been found 
at weight percent ratios somewhat lower than the 0.5 value found in 
this investigation. In Stevel’s most recent work, however, on a series of 
glasses containing SiO., PbO, CaF,, Na.O, and KO, a minimum value 
was found at 14.2 mol percent Na.O and 17.8 mol percent K,O. This 
molar ratio of 0.789 is quite close to the 0.75 value that would be indi- 
cated by this work. 

At the present stage of experimentation, it appears that no definite 
conclusions can be drawn concerning the optimum Na,O/K;O ratio in 
multicomponent glasses. In general, the value of the ratio for silica 


glasses appears to be in the neighborhood of 0.5 on a weight percent 
basis and 0.75 in molar percent. 


12 See footnote 5, p. 6. 


V. SUMMARY AND CONCLUSIONS 


This report summarizes the results of a comprehensive study of the 
dielectric. constants and dissipation factors of soda-potassia-silica glasses. 
The specimen preparation and measuring techniques are described in 
detail. Data obtained at frequencies of 1 to 300 ke are presented for 
thirty-five glass compositions which vary by 5-percent composition 
intervals. The following conclusions are based on experimental results: 

1. In the binary soda-silica and potassia-silica glasses, the dielectric 
constants and dissipation factors decrease rapidly with decreasing alkali 
content. 

2. On a weight percent basis, the potassia-silica glasses have lower 
values for both dielectric constant and dissipation factor than the equiva- 
lent soda-silica glasses. 

3. The dielectric constants and dissipation factors of all glasses 
studied decrease with increasing frequency in the range from 1-300 ke. 

4. Dissipation factor minima are present in each series of glasses with 
constant silica content. These minimum values are found at a weight 
percent ratio, Na,O/K,0O, of 1:2. On a molar basis this ratio is 3:4. 

5. Dielectric constant minima were also present for each series of 
glasses with constant silica content. The locations of the minimum points 
could not be determined precisely, but they seem to correspond well with 
the dissipation factor minima. 

6. The dissipation factor values at the minimum points appear ie be 
independent of the total alkali content of the glass. 

A possible interpretation of these results based upon a packing effect 
which occurs within the structure of the glass is presented. This packing 
hypothesis assumes that, when substantial quantities of alkali are present 
in a glass, many of the alkali ions are located in groups contained in 
relatively large interstices in the silica structure. When ions of two 
different sizes are present, the packing in the interstices is much closer 
and the mobility of the ions is reduced. If the alkali is present in the 
optimum proportions, the packing is the closest and the dielectric prop- 
erties show extreme values. This interpretation is strictly hypothetical 
and will require a great deal of additional experimentation before it can 


be called valid. 
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APPENDIX: DETAILS OF MEASUREMENT TECHNIQUE 
AND CALCULATIONS OF DATA 


This section is included to give more detailed information about the 
measurement procedure to anyone who is not familiar with the operation 
of the General Radio Type 716-C Capacitance Bridge. 

“The Type 716-C Capacitance Bridge is a Schering bridge which is 
direct reading in capacitance over a frequency range from 30 c to 300 ke 
and in dissipation factor at four specific frequencies, 100 c, 1 ke, 10 ke, 
and 100 ke.’ At other frequencies, the dissipation factor readings must be 
multiplied by a frequency factor, f/f, to give the actual dissipation factor 
at the test frequency, f; fo is the frequency setting of the range selector 
switch on the bridge. 

The oscillator used for this work was a Hewlett-Packard Model 650—A, 
a resistance-tuned oscillator with a range from 10 eps to 10 me and a 
stability of +2 percent up to 100 ke and +3 percent to 10 mc. 

A cathode-ray oscilloscope (Simpson Model 476 Mirroscope) was 
used to detect the bridge balance in place of the conventional output 
meter. As shown in Fig. 4, the horizontal plates of the scope were fed 
directly from the oscillator. The output of the bridge was preamplified 
by a Hewlett-Packard Model 450-A amplifier and then applied to the 
vertical plates of the scope. By this arrangement an elliptic figure was 
obtained on the scope, if the sweep frequency was not used. This type of 
figure was very advantageous in operating the bridge because the indi- 
cations of capacitance and dissipation factor balance were essentially 
independent. At a dissipation factor balance, the ellipse was reduced to a 
line, and this line was horizontal when the capacitance was balanced. At 
frequencies below 100 ke, the detector was more sensitive than was neces- 
sary to make measurements within the optimum stated accuracy of the 
bridge —i.e., +0.1 percent or +0.2 pyf in capacitance and +2 percent 
or +0.0005 in dissipation factor. At 100 and particularly at 300 ke, the 
dissipation factor sensitivity decreased, and this decrease is reflected in 
the greater percent mean deviations listed for the results in Table 1. 

As mentioned in the text, the “substitution” technique was used for — 
all measurements. In this way, many of the errors inherent in direct 
readings of a bridge are eliminated because the standard air capacitor is 


13 Operating Instructions for Type 716-C Capacit: Bridge. : : 
bridge, Mass., p. 1. pacitance Bridge. (The General Radio Co.), Cam 
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always kept in the circuit and the unknown capacitance is substituted 
for part of it. Two bridge balances must be made: one with the unknown 
disconnected and the other with it connected. In this study, contact to 
the test sample was made and broken by adjusting the micrometer screw 
shown on the measurements chamber of Fig. 5. The lead capacitance to 
the test chamber is in the circuit for both balances. This capacitance 
introduces no error. 

From the two bridge balances, the capacitance and dissipation factor 
of the test specimen are calculated from: 


Capacitanceiampics = AC = C’ — C 
AD =D — D’ 

(GY 
AC 7 

C’ and D’ refer to the initial capacitance and dissipation factor read- 
ings with the sample disconnected. C and D are the values with the 
sample in the circuit. f/f, is the frequency ratio mentioned above. At 
100 c, 1 kc, 10 ke and 100 ke, this ratio is 1. 

From the capacitance value obtained for each test sample, the dielec- 
trie constant, K, was calculated using the edge corrections of Scott and 
Curtis.1* K is then equal to 


Dissipation Factor(sample) = (AD) 


Where 
C is the sample capacitance 
C, is the edge correction 
C,, is the equivalent air capacitance 
C, and C, are calculated from the electrode diameter, D, in cm and 
the sample thickness, b, in em from the equations: 


Cte pLeLISD; — 4 [m 52 -3] 
ae 
Cn = —F6b 


The samples used in this study had electrodes about 7-9 cm in 
diameter and were about 0.6-0.8 cm thick. The measured capacitance 
generally ranged between 40-80 pf with an edge correction of about 
0.9 to 1.4 pf. The equivalent air capacitance was generally 6-9 pp. 


14 See footnote 8, p. 11. 


